Pathological studies demonstrated that the salivary gland hypertrophy virus of houseflies (MdSGHV) shuts down reproduction in infected females. The mechanism that underlay the disruption of reproduction functioned on several levels. Females infected at the previtellogenic stage did not produce eggs, reflecting a block in the gonadotropic cycle. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Western blot analysis of hemolymph samples demonstrated that MdSGHV infection reduced the levels of both the female-specific hexamerin and egg yolk proteins. Furthermore, reverse transcriptase quantitative real-time PCR data demonstrated that infection blocked hexamerin and yolk protein gene transcription. When females were allowed to develop eggs prior to infection (postvitellogenic stage), the outcome of mating attempts depended upon when mating took place. If egg-containing, virus-infected females were mated within 24 h of infection, they copulated and deposited a single batch of fertilized eggs. However, if mating was delayed for a longer period, the egg-containing females refused to copulate with healthy males. Both of these results suggested that a virusinduced signal influenced the central nervous system, shutting down female receptivity and egg production. All experiments demonstrated that MdSGHV-infected males did not display azoospermia and were fertile. Both healthy females mated with infected males, and the resulting F1 progeny were free of salivary gland hypertrophy symptoms, which suggests that the virus is not sexually or vertically transmitted.
In the early 1990s, an insect virus was detected and isolated from hypertrophied salivary glands of male and female houseflies, Musca domestica L., in Florida. The virus was described initially as a nonoccluded, enveloped, rod-shaped, doublestranded DNA virus (7) . Feeding bioassays demonstrated that the virus could be transmitted per os to healthy adult houseflies and that infection with the virus was responsible for the salivary gland hypertrophy (SGH) symptoms. In these experiments, 95% of the female houseflies with symptoms of SGH showed no sign of ovarian development (7) . A similar virus causing symptoms of SGH has been reported in the narcissus bulb fly, Merodon equestris (Fabricius) (3) , and in various species of tsetse flies, Glossina spp. (3, 11) . Comparisons of the different virus-host fly systems have demonstrated that the different viruses have several morphological and pathological properties in common (3, 7, 8, 11, 15, 16, 19) . Electron microscopic observation of virus particles either in thin sections of hypertrophied salivary glands or from sucrose density gradientpurified, negatively stained preparations showed enveloped bacilliform virions. In all three fly groups, the virus replicates in the salivary gland tissue of male and female flies. Additionally, infected adults do not exhibit any external disease symptoms, and morphogenesis occurs in the nuclei, resulting in nuclear SGH.
The most thoroughly studied SGH viruses (SGHVs) are those associated with the tsetse flies, a host complex in which viral infection significantly inhibits reproduction. In Glossina morsitans Westwood, virus infection causing SGH resulted in male sterility (25) and suppressed female reproduction (24) . Over 60 years ago, the symptoms of hypertrophied salivary glands were detected in the feral tsetse flies Glossina pallidipes Austen and G. morsitans (4, 29) . A viral infection was later identified as the cause of not only salivary gland enlargement (11) but also testicular degeneration and ovarian abnormalities (9, 12, 24, 25) . Studies on the natural incidence of the tsetse SGHV have indicated that the infection rates in all species are low; 0.4 to 5% of field-collected flies displayed enlarged salivary glands (8, 11, 12, 18, 20, 21) . In laboratory colonies of G. morsitans, the incidence of symptomatic SGH has ranged from 1.1% (14) to 4% (15) . Importantly, diagnostic PCR demonstrated that the tsetse SGHV can exist in an asymptomatic state in host flies (1) ; insect colonies displaying low levels (5%) of overt symptoms produced 100% tsetse SGHV-positive results in the diagnostic PCR. The tsetse SGHV was capable of infecting the male testes, causing azoospermia or oligospermia (11) . Venereal transmission between infected and healthy tsetse flies has been reported (13) .
We have shown that M. domestica SGHV (MdSGHV) is transmitted per os (7) and impacts female fecundity. The objectives of this study were to assess the effects of MdSGHV on the reproductive fitness and mating success of adult houseflies and to determine if the virus can be sexually or vertically transmitted.
MATERIALS AND METHODS
Insects. Housefly pupae were obtained from the "Orlando Normal" colony of insecticide-susceptible flies maintained at the Center for Medical, Agricultural and Veterinary Entomology, USDA-ARS, in Gainesville, FL. Immature flies were raised using standard rearing methods and larval medium for this colony (10) . Pupae were transferred to 30-cm/side cubic wire screen cages containing a plastic cup with deionized water and several Styrofoam chips to prevent emerging flies from drowning. Pupae were maintained under constant conditions (26°C, 12 h of light and 12 h of darkness, 40% relative humidity). Less than 16 h postemergence, adults were cold immobilized and separated according to sex. The sexed, virgin flies were placed in separate cages containing deionized water and a food substrate. Unless stated otherwise, the term food refers to a mixture of powdered milk, sugar, and powdered egg at a ratio of 6:6:1 (by volume). Flies were maintained under constant conditions (26°C, 12 h of light and 12 h of darkness, 40% relative humidity) until they reached the appropriate age for injection of MdSGHV.
Preparation of crude MdSGHV inoculum. Intact salivary glands displaying hypertrophy were removed from an adult housefly and stored in 50 l of saline solution (0.85% NaCl) at Ϫ35°C. Frozen glands were thawed, homogenized, diluted 1/10 in saline solution, and centrifuged at 400 ϫ g for 3 min to pellet debris. The supernatant was filter sterilized by centrifugation in Ultrafree MC Millipore microcentrifuge tubes with a low-protein-binding Durapore membrane, 0.45-m filter unit (Millipore, Billerica, MA) at 13,400 ϫ g for 10 min. The filtrate, containing 1 infectious gland pair equivalent (IGE), was used for housefly injection.
Injection of ovarian extract into healthy flies. One and 2 weeks after injection of sterile saline and an MdSGHV inoculum, healthy and MdSGHV-infected females, respectively, were carefully dissected in ice-cold saline solution, ensuring that salivary gland tissue was not disrupted during dissection. Ovaries were removed, and each pair of ovaries was rinsed eight times in saline prior to separate storage in 50 l of saline solution at Ϫ35°C. Ovaries were obtained from postvitellogenic, healthy females (n ϭ 2), from postvitellogenic, virus-infected females (n ϭ 2), and from previtellogenic, virus-infected females (n ϭ 4); onehalf of the samples were dissected from flies 1 week after the initial injection, and one-half of the samples were dissected 2 weeks after the initial injection. To examine if injection of ovarian extract caused MdSGHV infection in healthy M. domestica adults, ovaries were thawed, homogenized, and filter sterilized as described above for the preparation of crude MdSGHV inoculum. Crude ovarian extracts at a concentration of 2 infectious ovary pair equivalents (IOE) per ml were then injected into the prothoraxes of 1-day-old females and males (2.5 l per fly). Ten females and 10 males were inoculated with each extract. Groups of 20 treated flies were transferred to 16-oz plastic cups sealed with fine mesh gauze, provided with water and food ad libitum, and maintained under constant conditions (26°C, 12 h of light and 12 h of darkness, 40% relative humidity). After 7 days, all flies were cold immobilized and dissected to record SGH symptoms.
Virus quantitation. Two approaches were used to determine the numbers of infectious viral copies in different tissues of viremic houseflies. For in vivo endpoint titration, serial 10-fold dilutions of filter-sterilized crude MdSGHV inoculum were injected into the hemocoels of healthy M. domestica females to examine the concentration-dependent infectivity of viral preparations obtained from hypertrophied salivary glands and from ovaries of MdSGHV-infected females. Stock mixtures containing 2 IGE/ml and 2 IOE/ml, respectively, were prepared as described above. Ten 1-day-old females were injected with each mixture (2.5 l per fly). Treated insects were maintained under constant conditions (26°C, 12 h of light and 12 h of darkness, 40% relative humidity) and provided with water and food ad libitum. After 7 days, all flies were cold immobilized and dissected to record SGH symptoms. Three replicate assays were conducted.
For quantitation of MdSGHV DNA, salivary glands (n ϭ 3) and ovaries (n ϭ 3) obtained from MdSGHV-infected female houseflies were subjected to quantitative real-time PCR (qRT-PCR) using the iCycler iQ real-time PCR detection system (Bio-Rad, Hercules, CA) with SYBR green product tagging. DNA was extracted using a Masterpure yeast DNA purification kit (Epicenter Technologies, Madison, WI) by following the manufacturer's protocol. A sample of purified genomic MdSGHV DNA (11 ng/l with an estimated 8 ϫ 10 7 viral copies per l) was used as a standard, and serial 10-fold dilutions of this sample were included in the PCR template to create a standard curve. Nanopure water was used for all dilutions and served as a negative control during DNA amplification. The MdSGHV-specific qRT-PCR primers designed from the C10 open reading frame included forward primer qC10aF and reverse primer qC10aR (Table 1) . qRT-PCR was performed using initial denaturation at 95°C for 10 min, followed by 40 cycles of 30 s at 95°C, 30 s at 60°C, and 30 s at 72°C, and one cycle of extension at 72°C for 10 min; the procedure was finalized with a melting curve obtained by gradually increasing the temperature at a rate of 0.1°C/s up to 95°C. Threshold cycle (C t ) values were obtained for data analysis. Based on the genome size of MdSGHV (unpublished data), a standard curve was created by plotting the C t values against the viral copy numbers of each standard dilution. The quantities of MdSGHV DNA in tissue DNA samples were inferred from the regression line (correlation coefficient [R 2 ], Ն0.998). Each dilution of standard DNA and each tissue DNA sample was run in triplicate wells, and the qRT-PCR was repeated three times.
Production of infected flies. To produce same-age cohorts of infected houseflies for mating experiments, filter-sterilized virus suspensions obtained from homogenized hypertrophied salivary glands (2 IGE/ml) were injected into the prothoraxes of adult virgin flies (2.5 l per fly). Symptomatic flies were detected initially after 2 days (23%), and by 4 days postinjection 100% of the injected adults expressed SGH symptoms consisting of grossly enlarged and discolored salivary glands. Below, the term "early-stage infection" is used to indicate insects that were used for experiments 1 day after injection, whereas the term "late-stage infection" indicates insects that were used three or more days after injection. One group of females, used 2 days after injection, is referred to as "mid-stage infection" flies. Healthy control flies were injected with only sterile saline solution.
Mating experiments. Each mating arena consisted of a 2-liter Rubbermaid plastic jar that was sealed with a sleeve of cotton cloth which allowed introduction and removal of flies. In each mating arena, 20 virgin females and 25 virgin males were introduced. If fewer insects were available, a constant ratio of females to males of 1:1.25 was used. The different mating combinations included healthy females with healthy males, healthy females with virus-infected males (early-and late-stage infection), and virus-infected females (early-, mid-, and late-stage infection) with healthy males. Virus-infected females were injected either 1 day after emergence as young, previtellogenic flies or 5 to 7 days after emergence as mature, postvitellogenic flies. Flies in the mating arenas were observed for 2.5 h. Copulating couples were collected in separate plastic vials to record successful mating events. For each replicate, one or two groups of five mated females were transferred to egg-laying chambers. A subsample of male partners of these females was collected and transferred to 16-oz plastic cups sealed with fine-mesh gauze. These males were provided with water and food ad libitum and maintained under constant conditions (26°C, 12 h of light and 12 h of darkness, 40% relative humidity) for 5 to 7 days, after which they were cold immobilized and dissected to record SGH symptoms. If no copulation occurred in the mating arenas within 2.5 h, groups of five virgin females were transferred to egg-laying chambers. Subsamples of remaining couples and single flies from mating arenas were cold immobilized and dissected.
Egg collection and female mortality. Groups of females were maintained in egg-laying chambers under constant conditions (26°C, 12 h of light and 12 h of darkness, 40% relative humidity) for up to 3 weeks. Each egg-laying chamber consisted of a 2-liter Rubbermaid plastic jar that was sealed with a sleeve of cotton cloth, in which females were provided with water and food ad libitum. In addition, an egg-laying substrate consisting of a moistened cotton pouch (5 by 5 cm) filled with spent larval rearing medium was introduced for 5 h every other day over a period of 21 days. Spent larval rearing medium was obtained from the Center for Medical, Agricultural and Veterinary Entomology, USDA-ARS, in Gainesville, FL. After the allotted 5 h, each egg-laying substrate was removed, the eggs were counted, and a subsample of up to 100 eggs was transferred onto a moist sheet of cotton cloth (5 by 5 cm). This cloth was placed on top of a moistened 1-cm layer of larval substrate (a 1:1 mixture of wheat bran and corn meal) in a 16-oz plastic cup sealed with fine-mesh gauze. The eggs were then incubated under constant conditions (26°C, 12 h of light and 12 h of darkness, 80% relative humidity), and larval hatching was determined after 24 h by removing the cloth and counting the number of unhatched eggs. Larvae were maintained under constant conditions (26°C, 12 h of light and 12 h of darkness, 80% relative humidity) and were reared to adulthood. Subsamples of the F1 generation flies were dissected 5 to 7 days after eclosion and examined for symptoms of SGH. Female mortality in the egg-laying chambers was recorded every other day, and dead females were removed from each chamber and dissected to record SGH symptoms and ovarian development. At the end of each 3-week period, all females were cold immobilized and dissected. Hemolymph analyses. To examine the impact of MdSGHV infection on the abundance of female-specific hexamerin (Hex-F) and egg yolk protein (YP), hemolymph samples were collected from M. domestica females using modified methods of Capurro et al. (5, 6) . Upon emergence, adult female houseflies were deprived of food but not water for 24 h. Starved females were then injected with a filter-sterilized gland preparation originating from either a healthy fly (control treatment) or a virus-infected fly expressing late-stage SGH (virus treatment) as described above. Following injection (i.e., 1 day after eclosion), control-injected females were provided with either a protein-free diet (sugar) or a proteincontaining diet (a mixture of sugar, powdered milk, and powdered egg at a ratio of 6:6:1). Virus-injected females were provided with the protein-containing diet. Females that received different treatments were maintained in groups of 10 in 16-oz plastic cups sealed with fine-mesh gauze under constant conditions (26°C, 12 h of light and 12 h of darkness, 40% relative humidity). Initially, hemolymph was collected from 1-day-old, starved females (i.e., flies that were provided with water only). After injection, hemolymph was collected from sugar-fed females and from protein-fed females for three consecutive days (2-, 3-, and 4-day-old flies). Hemolymph was withdrawn from cold-immobilized females by cutting off the hind legs and using a 5-l capillary. Four hundred nanoliters of hemolymph from up to five flies was transferred into a clean microcentrifuge tube on ice. and 4.6 l of water, samples were stored at Ϫ20°C until they were analyzed. Two replicate samples were collected per day per treatment (control-injected flies on sugar, control-injected flies on protein, and virus-injected flies on protein). For comparison of the protein profiles of control and virus-infected females, samples were thawed and subjected to SDS-polyacrylamide gel electrophoresis using 4% stacking, 10% running polyacrylamide gel slabs. Molecular weight markers were purchased from Bio-Rad (Hercules, CA). Electrophoresis was conducted at a constant voltage of 100 V/cm until the bromophenol blue reached the bottom of the gels. Gels were stained with 0.1% (wt/vol) Coomassie blue R-250 in fixative (acetic acid-methanol-water, 10:50:40 [vol/vol/vol]) and photographed using a digital imaging system (Bio-Rad, Hercules, CA). After bleeding, sampled flies were placed individually into microcentrifuge tubes containing TRI reagent (Sigma, St. Louis, MO) and frozen at Ϫ80°C for follow-up reverse transcriptase qRT-PCR experiments.
The presence of selected proteins (adult Hex-F and YP) in the hemolymph samples was examined by using Western blots. Hemolymph samples collected from healthy and virus-infected females at 2 and 3 days postinjection were electrophoresed on SDS gel slabs and transferred to Immobilon P membranes (Millipore, Billerica, MA). Blots were blocked using 3% bovine serum albumin in phosphate-buffered saline (PBS) and probed with either anti-Hex-F or anti-YP rabbit polyclonal antibodies (1/200 dilution) prepared in 1% powdered milk in PBS. After incubation for 2 to 3 h at 21°C, the blots were washed in PBS, incubated in anti-rabbit polyvalent alkaline phosphatase conjugate (Sigma, St. Louis, MO) (diluted 1:1,000 in PBS-bovine serum albumin) for 1 h, washed, and stained in 5-bromo-4-chloro-3-indolylphosphate with 1 mg nitroblue tetrazolium in Tris-HCl buffer (pH 9.0) containing 1 mM MgC1 2 .
Reverse transcriptase qRT-PCR of female-specific proteins. After collection of hemolymph and diagnostic dissection, whole flies were submerged in TRI reagent (Sigma, St. Louis, MO) and stored at Ϫ80°C. For RNA isolation, these samples were thawed, and RNA was purified by following the manufacturer's instructions. Extracted RNA was treated with RQ1 RNase-free DNase (Promega, Madison, WI), and cDNA was synthesized using an iScript cDNA synthesis kit (Bio-Rad, Hercules, CA) according to the manufacturer's protocol. Using the MIT Primer 3 program, primer sets were designed from the available sequences of the M. domestica female adult hexamerin (Hex2), yolk protein (YO2), P450 (MdP450), and glyceraldehyde-3-phosphodehydrogenase (MdG3PDH) genes ( Table 1 ). The MdP450 and MdG3PDH genes were tested as potential housekeeping genes for normalizing the differences found among the cDNA samples. qRT-PCR was performed under the conditions described above. Using average C t values, it was found that the P450 transcript was invariant among the cDNA preparations, whereas both fly age and infection altered the transcription of glyceraldehyde-3-phosphodehydrogenase. In light of these preliminary findings, P450 was used to normalize the expression of both Hex2 and YO2 in these reactions using REST software (22) .
Gut protease activity. To investigate whether MdSGHV infection hinders the ability of adult houseflies to ingest and digest protein, an azocasein feeding assay was conducted as follows. One-day-old females and males were injected with saline solution and with crude MdSGHV inoculum as described above to obtain cohorts of healthy and virus-infected flies, respectively. These fly cohorts were maintained in 20-cm/side cubic wire screen cages under constant conditions (26°C, 12 h of light and 12 h of darkness, 40% relative humidity) and provided with water and food ad libitum. After 6 days, the food source was removed from the cages to starve the insects. Twenty-four hours later, a substrate consisting of a 1:9 (wt/wt) mixture of powdered azocasein (Sigma, St. Louis, MO) and regular food was added, and the flies were allowed to feed for 24 h. Flies were then cold immobilized and dissected in ice-cold phosphate buffer (pH 7). For each sex and treatment, 10 guts were collected in 100 l of phosphate buffer. A total of two samples per sex and treatment were stored at Ϫ80°C until they were used. Three replicates of this feeding assay were conducted. To process collected gut samples, each sample was thawed, homogenized, sonicated for 30 s, and divided into two subsamples (subsamples 1 and 2). To examine differences in the amount of azocasein ingested, subsample 1 was mixed with 150 l of 500 mM NaOH, incubated at 37°C for 10 min, and centrifuged at 735 ϫ g for 3 min. The supernatant was transferred to a clean well of a 96-well plate. To examine differences in the amount of azocasein digested (i.e., the amount of p-nitroaniline released), subsample 2 was centrifuged at 735 ϫ g for 3 min, and the supernatant was mixed with 50 l of 5% trichloroacetic acid and centrifuged at 9,300 ϫ g for 10 min. The resulting supernatant was transferred to a clean well of a 96-well plate containing 150 l of 500 mM NaOH. Emission was determined at 440 nm using a Quant plate reader interfaced with KC4 software (BIO-TEK Instruments Inc., Winooski, VT). Samples from unfed females and males were used to normalize emission values. Standard curves generated using dilution series of azocasein and p-nitroaniline were used to calculate the amount of azocasein (g) ingested and the amount of p-nitroaniline (ng) released during digestion per fly.
Statistics. Statistical analyses were conducted using the SAS System for Windows (27) . The average copulation ratios (i.e., the number of copulating couples per female in an arena) were compared by logistic regression using the SAS genmod procedure (proc genmod) and the SAS least-square means statement (lsmeans) (17) . Comparisons of cumulative female mortality over time for healthy and virus-infected females, as well as egg hatch ratios for egg batches laid by females that received different treatments, were also subjected to logistic regression using proc genmod and lsmeans. Cumulative numbers of eggs were evaluated by analysis of variance using the SAS procedure for mixed linear models (proc mixed), and means were separated using lsmeans (23, 30) . Emission values from the azocasein feeding assay were subjected to analysis of variance using the SAS procedure for general linear models (proc glm) and lsmeans (23, 30) . Infection rates within a set of experiments were analyzed using proc genmod and lsmeans (17) . The data were expressed as means Ϯ standard errors.
RESULTS
Virus quantitation. qRT-PCR revealed that 1.6 ϫ 10 10 Ϯ 0.1 ϫ 10 10 (n ϭ 3) and 3.4 ϫ 10 8 Ϯ 0.1 ϫ 10 8 (n ϭ 3) viral copies were present in the salivary glands and ovaries, respectively, of an MdSGHV-infected female housefly. Consequently, healthy flies that were injected with a stock solution of crude salivary gland inoculum and healthy flies that were injected with a crude ovarian inoculum were challenged with ϳ7.8 ϫ 10 7 Ϯ 0.3 ϫ 10 7 and ϳ1.7 ϫ 10 6 Ϯ 0.1 ϫ 10 6 virus particles, respectively. In order to determine the endpoint of viral infectivity, serial 10-fold dilutions of crude salivary gland or crude ovarian extracts were injected into healthy M. domestica females. Within 7 days, injection of crude salivary gland inoculum (stock concentration, 2 IGE/ml) diluted 10 6 -fold resulted in 100% infection in groups of treated flies (Table 2) . Flies injected with this dilution were challenged with an estimated 78 viral copies. Further dilution resulted in decreasing infection rates, and a 10 9 -fold dilution did not produce any SGH symptoms (Table 2) . When females were injected with crude ovarian inoculum (stock concentration, 2 IOE/ml), a VOL. 73, 2007 EFFECTS OF MdSGHV ON HOUSEFLY REPRODUCTIVE BEHAVIOR100-fold dilution resulted in 100% infection in the challenged flies within 7 days (Table 2) . These females were injected with an estimated 16,800 viral copies. Higher dilutions produced decreasing infection rates, and no infection was found in females injected with a 10 5 -fold dilution of crude ovarian extract, which contained an estimated 17 viral copies ( Table 2) .
Injection of ovarian extracts into healthy flies. Crude ovarian extracts prepared from MdSGHV-infected females were highly infectious when they were injected into the hemocoels of female and male houseflies. Within 7 days after injection, all flies (n ϭ 120) showed symptoms of late-stage SGH, and the ovarian development of all females (n ϭ 60) was halted at the previtellogenic stage. In contrast, none of the flies (n ϭ 40) that were injected with control ovarian extracts originating from healthy females showed SGH symptoms, and all females (n ϭ 20) had fully developed ovaries containing mature eggs. No mortality occurred in these experiments.
Effects of MdSGHV on houseflies. All saline-injected control flies had healthy, transparent salivary glands (Fig. 1A) , whereas 100% of the virus-injected adults expressed SGH symptoms within 5 days after injection of the stock inoculum (Fig. 1B) . When mature, postvitellogenic females (5 to 7 days old) were injected with MdSGHV and dissected 5 days after injection, they contained mature ovaries with fully developed eggs (Fig. 1C) . When young, previtellogenic females (1 to 3 days old) were injected with MdSGHV, no ovarian development was seen after 5 days (Fig. 1D) , a time when healthy control females (injected with sterile saline only) had fully developed ovaries with mature eggs (not shown). No morphological aberrations were observed in female accessory glands and spermathecae (data not shown). The mortality of virus-infected females significantly increased 16 days after injection compared with healthy control females (P Ͻ 0.0001, 2 Ն 20.63, df ϭ 1; SAS proc genmod and lsmeans) (Fig.  2) . Between 16 and 26 days after injection, the mortality rate increased from 69% Ϯ 9% to 98% Ϯ 2% (n ϭ 11) and from 24% Ϯ 5% to 31% Ϯ 6% (n ϭ 15) in groups of virus-infected and healthy females, respectively. Unlike the results for females, the testes of MdSGHV-infected male houseflies were normally developed and contained viable sperm, and no morphological aberrations were observed in the male ejaculatory duct.
Mating behavior. Healthy control males avidly attempted to copulate with both healthy and virus-infected females of all ages (Table 3) . With the exception of 1 of 31 group combinations with healthy males, males aggressively approached females, and flies began mating within 10 to 20 min after recovery from cold immobilization. After a successful strike, each male landed on the dorsal thorax of the female, forced her wings into a horizontal position, and stroked her head with his forelegs. He then moved toward the rear of the female, grasped the ventral side of her abdomen with his hind legs, and positioned the aedeagus beneath her ovipositor, waiting for her to respond. At an early stage of infection (24 h after injection), the majority of the males were avid and copulated readily with healthy females, whereas at a late stage of infection (3 to 4 days after injection), viremic males showed reduced avidity and made only slow attempts to mate with healthy females (Table 3) . As shown in Table 3 , healthy females were responsive to mating attempts from both healthy and virusinfected males, regardless of the stage of male infection. After the sequence of male courtship behavior described above, a female readily extended her ovipositor into the genital opening of the male, which resulted in successful copulation. Young, previtellogenic females and mature, postvitellogenic females copulated readily when they were allowed to mate at an early stage of infection (24 h after injection) ( Table 3 ). When allowed to mate at a late stage of infection (3 to 4 days after injection), infected females in both cohorts did not copulate with healthy males (Table 3 ). The only exception was 1 of 70 young females at a late stage of infection that copulated with a healthy male (Table 3) . Healthy males performed normal mating rituals with infected females, but the females did not extend their ovipositors into the male genital opening. Males often approached the same female multiple times. At times they repeated their courtship rituals, stroking the female's head, extending her wings, and mounting her before releasing her.
The percentage of copulation was highest for mating combinations consisting of healthy females and healthy males (87% Ϯ 3%) and of mature females with early-stage infection and healthy males (90% Ϯ 10%) ( Table 3) . Significantly lower copulation rates were found when healthy females were paired with males at an early stage of infection (63% Ϯ 15%) or with males at a late stage of infection (28% Ϯ 8%) (P Ͻ 0.0001, 2 Ն 20.59, df ϭ 1; SAS proc genmod and lsmeans), which was accompanied by a reduction in male avidity (Table 3 ). The percentage of copulation between healthy males and mature, virus-infected females was highest when females were allowed to mate at an early stage of infection (90% Ϯ 10%) and was significantly reduced to 20% Ϯ 0% and 0% Ϯ 0% when females were allowed to mate at mid and late stages of infection, respectively (P Ͻ 0.0001, 2 ϭ 27.10, df ϭ 1; SAS proc genmod and lsmeans). Reduced copulation rates were accompanied by a reduction in female responsiveness to male mating attempts (Table 3) . For mating between healthy males and young, virusinfected females there was a significant decline in the percentage of copulation from 57% Ϯ 14% with young females at an early stage of infection to 1% Ϯ 1% with young females at a late stage of infection (P Ͻ 0.0001, 2 ϭ 14.95, df ϭ 1; SAS proc genmod and lsmeans), again accompanied by a reduction in female responsiveness (Table 3) .
Oviposition and egg hatch. Healthy males that copulated with healthy and virus-infected females transferred viable sperm. Similarly, infected males at early and late stages of infection produced viable offspring when they were mated with healthy females. Healthy control females of all ages and in all mating combinations deposited multiple viable egg batches over a period of 21 days. In general, at the late stage of infection viremic females did not copulate (Table 3 ) and subsequently did not oviposit. The only exception was a single late-stage infected female that copulated but did not deposit eggs. Subsequent dissection revealed that this female had undeveloped ovaries but contained sperm in the spermathecae. Mature, virus-infected females that copulated within 24 to 48 h after injection (early to mid stage of infection) deposited one viable egg batch within 5 days after mating. The average oviposition rate for these mature, virus-infected females in a 3-week observation period was 99 Ϯ 13 eggs per female and was significantly lower than the oviposition rates for healthy females that were fertilized by healthy or virus-infected males (P Ͻ 0.0001, t ϭ 6.86, df ϭ 399; SAS proc mixed and lsmeans). Healthy females deposited an average of 363 Ϯ 28 eggs per female in a period of 3 weeks.
Subsamples of up to 100 eggs from groups of egg-laying females were transferred to larval rearing medium, and egg hatch was observed for all egg batches laid by healthy and virus-infected females. The percentage of eggs that hatched for batches deposited by virus-infected females (74% Ϯ 10%; n ϭ 675) was significantly lower than the percentage of eggs that hatched for egg batches originating from healthy females (91% Ϯ 2%; n ϭ 4,717) (P Ͻ 0.0001, 2 ϭ 153.55, df ϭ 1; SAS proc genmod and lsmeans).
Vertical transmission. No vertical transmission of MdSGHV was observed. Dissection of F1 adults at 5 to 7 days posteclosion revealed no symptoms of SGH. A total of 690 F1 adults were dissected, of which 135 originated from matings with virusinfected females and 555 originated from matings with virusinfected males.
Impact of viral infection on vitellogenesis. Examination of hemolymph from healthy females and MdSGHV-infected females after they were fed a protein-containing food source demonstrated that both Hex-F and YP were not produced in MdSGHV-infected flies (Fig. 3) . At the time of injection, the healthy and infected females lacked profiles for both of the target proteins (Fig. 3, lanes 1 and 6) . Similarly, the hemolymph profiles obtained for healthy flies fed only sucrose for 2 days were identical (Fig. 3, lanes 2 and 7) . The hemolymph profiles of healthy females provided with a protein-containing diet showed that both Hex-F and YP were synthesized (Fig. 3,  lanes 3 to 5) . The synthesis of Hex-F (molecular mass, ϳ70 kDa) was detected initially at 48 h after the flies fed on the protein diet; by 72 h after feeding, Hex-F was the major band detected in the hemolymph samples. Transient production of a second peptide presumed to be the YP (molecular mass, ϳ44 kDa) was detected in the hemolymph samples of protein-fed healthy females. In these flies, the level of YP was greatest at 48 h after feeding (Fig. 3, lane 4 ) and decreased at 72 h after feeding (Fig. 3, lane 5) . Neither the Hex-F band nor the YP band was detected in the samples collected from the MdSGHV-infected females (Fig. 3, lanes 8 to 10) . The presence and relative levels of Hex-F and YP in the hemolymph samples from healthy and viremic flies were confirmed on Western blots that were probed with rabbit anti-Hex-F and anti-YP polyclonal antibodies (Fig. 4) .
Selected healthy and infected insects that were sampled for the hemolymph analysis were placed in TRI reagent and frozen at Ϫ80°C for reverse transcriptase qRT-PCR experiments. The results demonstrated that both the relative abundance of the YP transcripts and the relative abundance of the Hex-F transcripts were significantly decreased by viral replication. At   FIG. 3 . SDS-polyacrylamide gel electrophoresis gel of hemolymph samples collected from adult female houseflies. Lanes 1, 2, 6, and 7 contained samples from flies at the previtellogenic stage; lanes 1 and 6 contained hemolymph samples from newly eclosed females, and lanes 2 and 7 contained hemolymph samples from healthy females that were provided with only sugar for 3 days. Lanes 3, 4, and 5 contained samples from healthy flies provided with both sugar and protein collected after 1, 2, and 3 days, respectively. In lanes 3 to 5, note the presence of the adult female ϳ70-kDa Hex-F (upper arrow) and the ϳ45-kDa YP (lower arrow). Lanes 8, 9, and 10 contained hemolymph samples from virus-infected females that were also provided with both sugar and protein, which were collected after 1, 2, and 3 days, respectively. Note the lack of detectable Hex-F and YP bands in the virusinfected hemolymph. 2 and 3 days postinfection, viremic females contained 2,144-and 1,596-fold fewer YP transcripts, respectively, and 1,120-and 94-fold fewer Hex-F transcripts, respectively, than healthy females. From these results, it appears that infection with MdSGHV down-regulates transcription of female-specific proteins associated with the gonadotropic cycle. Gut protease activity. An azocasein feeding assay was conducted to examine if MdSGHV-infection inhibited the ability of houseflies to ingest and digest a protein-containing food source. Both healthy and MdSGHV-infected male and female flies ingested the azocasein-laced food (Table 4) . Analysis of consumption data demonstrated that in a 24-h feeding period virus-infected females ingested more food than healthy male and female flies. However, based on the levels of p-nitroaniline released in the gut lumen relative to the amount of azocasein ingested, both male and female healthy flies had significantly more proteolytic activity than their infected counterparts (P Ͻ 0.0001, F ϭ 21.03, df ϭ 3; SAS proc glm and lsmeans) ( Table 4) .
DISCUSSION
Our results demonstrated that the MdSGHV selectively infects and causes detectable cytopathology in the salivary glands of both male and female houseflies. No other tissues exhibited the nuclear hypertrophy that characterized infected salivary glands. Under optimum laboratory conditions, the life span of virus-infected female houseflies was significantly reduced at 16 days after virus acquisition by injection. Infection with MdSGHV did not noticeably hinder the ability of female and male houseflies to feed or fly. In fact, the only overt symptom of MdSGHV infection was its impact on mating behavior and reproduction.
Successful mating for Musca spp. involves a complex and rigidly structured sequence of behavioral steps that maintain barriers to hybridization among closely related members of this genus (28) . We observed that healthy males readily attempted to copulate with virus-infected females at both early and late stages of infection, indicating that infection did not affect the attractiveness of female flies to males. These results were not surprising, given that housefly males initiate courtship behavior with male flies, females of other species, and even inanimate objects (28) . However, infection with MdSGHV had adverse effects on the outcome of mating attempts. At the stage when SGH is expressed, infected females (regardless of ovarian condition) refused to copulate with healthy males. Virus infection also affected the reproductive behavior of male houseflies. At a late stage of infection, the avidity and aggressiveness of attempts to copulate with healthy females were reduced. Gross morphology comparison of testes, accessory reproductive glands, and the ejaculatory duct dissected from healthy and virus-infected males did not show any differences, and virusinfected males were able to inseminate healthy females with viable sperm. In contrast, SGHV infection in male tsetse flies resulted in evident infection of the accessory reproductive glands and in a failure to produce complete spermatophores; SGHV-infected tsetse flies generally failed to transfer sperm to females (25) .
Mature females that were mated soon after infection were able to mate and deposit eggs from the first gonadotropic cycle successfully. However, these females had significantly reduced fecundity after they deposited their first batch of eggs and stopped laying eggs within 1 week after copulation. Dissection of flies at this time revealed grossly enlarged salivary glands and undeveloped ovaries. Our results demonstrate that this was the result of the virus preventing yolk deposition in subsequent gonadotropic cycles. In females that were infected at an early age the ovaries never developed. Tsetse flies infected with SGHV also showed reduced fecundity but via different mechanisms. In Glossina morsitans centralis (Machado), the milk glands of infected females were infected and exhibited severe degeneration, especially in the neurosecretory cells lining the lumen of the gland (26) . The ovarioles of infected G. pallidipes also showed necrosis and degeneration of the germaria (12) .
There were no indications that the MdSGHV was sexually transmitted between mating partners or vertically transmitted to the next generation. It should be noted that the testable matings were restricted to mating crosses between infected males and healthy females; infected females displaying SGH did not mate. Additionally, female flies infected within 24 h after emergence did not produce detectable levels of Hex-F and YP. Preliminary work demonstrated that MdSGHV infection blocked transcription of the genes coding for these proteins. In healthy females, ingestion of a protein meal stimulates a pulse of ecdysone that triggers the synthesis of female-specific proteins that are involved in the gonadotropic cycle (2, 6) . As determined in an azocasein feeding assay, virus-infected females and males of M. domestica were able to ingest and digest a protein-containing food substrate. Digestion was reduced in infected flies compared with healthy flies. Whether the reduction in proteolytic activity in infected females could account for down-regulation of vitellogenesis is unclear and requires additional examination. Alternatively, MdSGHV may cause a latent infection in the ovary. Crude ovarian homogenates were highly infectious when they were injected into healthy flies, and qRT-PCR results demonstrated that high numbers of viral copies (approximately 3 ϫ 10 8 copies) were present in ovarian tissue of MdSGHV-infected houseflies. However, preliminary histological examination of ovarian tissues from infected flies did not reveal any apparent signs of viral infection (unpublished data). When the infectivity of MdSGHV originating from ovarian tissue of infected houseflies and the infectivity of MdSGHV originating from salivary glands of infected houseflies were compared, 200-fold more viral copies were necessary to produce 100% infection in groups of flies injected with crude ovarian extract.
In summary, the MdSGHV acts as a biological sterilizing agent in that it reduces the intrinsic rate of increase in infected houseflies. The MdSGHV possesses several unique properties, including suppression of ovarian development in young flies and in flies that become infected during stages of early egg maturation. If a female fly receives the virus postvitellogenesis, she may still mate, but her fecundity is significantly reduced as the virus blocks subsequent gonadotropic cycles. Postvitellogenic females that host the virus for more than a few days do not mate at all. Transmission appears to be horizontal via cofeeding of infected and uninfected adult flies. These properties suggest that the virus could be used as a population management tool, especially if it is deployed early in the fly season when populations are increasing. It remains to be seen whether an effective "attract and infect" delivery system can be developed by incorporating viral inoculum into known fly attractants.
